In this work we present the results of the bulk magnetization measurements in a superconducting state of single crystals of Ba0.65Na0.35Fe2As2. The isothermal magnetic field (H||c axis) dependent magnetization (M ) loops exhibit a second peak (SP) or 'fishtail effect', as well as remarkable flux jumps at low temperatures. The critical current density Jc obtained from the M (H) loops is rather high, of the order of 10 6 A/cm 2 . The analysis of the temperature and field dependent Jc implies that high Jc is mainly due to collective (weak) pinning of vortices by dense microscopic point defects with some contribution from a strong pinning mechanism. Pronounced magnetic instabilities in terms of flux jumps depend strongly on temperature as well on the field sweep rate. The field for first flux jump as calculated from an adiabatic model, however, is much lower than the experimentally observed values, and this enhanced stability is attributed to a flux creep phenomenon. The analysis of field dependent magnetic relaxation data additionally supports a collective pinning model. The data further suggests that SP in M(H) is likely related to crossover in creep dynamics from elastic to plastic mechanism. We have constructed the vortex phase diagram on field-temperature plane.
I. INTRODUCTION
The magnetic instability or the so-called 'flux jumps' is an important factor for the practical applications of superconductors along with the high critical temperature (T c ), high critical current density (J c ) and high upper critical field (H c2 ); though all these issues are also of great interest for fundamental research. In type-II superconductors, above the lower critical field H c1 , the magnetic field (H) penetrates the bulk of superconductor in the form of vortices or flux lines, while each vortex or flux line consists of normal core surrounded by a whirlpool of supercurrent. 1 In case of perfect superconductors, the intervortex interaction forces the vortices to arrange in regular triangular lattice. However, the presence of disorder acts as pinning centers that hinder the vortex motion, hence the interplay between these localizing and delocalizing forces results in a nonequilibrium situation creating a condition called 'critical state'. Under certain circumstances like thermal fluctuations, the critical state becomes unstable where vortices rush into the volume of superconductor. This event leads to magnetic instability and shows up as a discontinuity in field dependent magnetization (M ) measurements. 2, 3 This process suddenly reduces J c appreciably and drives the superconductor towards normal state, which is unfavorable for technological applications. The flux jumps phenomenon has been observed and studied in great details in both conventional low temperature Nb based superconductors 2,4 as well as high temperature superconductors like cuprates, [5] [6] [7] MgB 2 , 8, 9 etc. The recent discovery 10 of superconductivity (SC) in Fe-based pnictides has ushered a hope for possible technological applications as these materials exhibit high T c , type-II nature, large H c2 and comparatively low anisotropy. 11 The critical current density and vortex dynamics have extensively been studied for all families of Fe-pnictides. The studies show reasonably high J c in the range of 10 −5 to 10 −6 A/cm 2 at low temperature.
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Interestingly, these materials often exhibit a second peak (SP) in field dependent magnetization data apart from a pronounced central peak around H = 0 which is also commonly known as 'fishtail' effect. However, the doped Ca-122 materials appear to be quite distinct in this regard where the previous studies have shown SP is surprisingly absent.
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In this work, we have studied the isothermal M (H), J c , flux jumps, fishtail effect and vortex dynamics in a holedoped 122 Fe-pnictide material i.e., Ba 0.65 Na 0.35 Fe 2 As 2 (BNFA) by means of a study of bulk magnetization with H||c axis. Note, that the corresponding hole-doped sister compound Ba 1−x K x Fe 2 As 2 is well studied in terms of above mentioned properties. However, even though both compounds are hole-doped, the dopants are different in ionic size and electronic configuration, which might affect those properties differently. The occurrence of flux jumps is not common in Fe-pnictides, and it has only been reported for 111 and hole-doped 122 materials, 13, 18 yet a detailed study has not been undertaken so far. The material BNFA exhibits reasonably high T c (29.4 K) and multigap SC as revealed from a recent specific heat study. 25 We find a pronounced SP in isothermal M (H) and high J c (> 10 6 A/cm 2 at 2 K) similar to K-doped materials. 15, 16 At low temperatures, this material exhibits flux jumps which are strongly influenced by changes in temperature and field sweep rate. Moreover, the experimentally observed field for the first flux jump is found significantly higher than the calculated one. This enhanced magnetic stability presumably arises due to strong flux creeping. Our results imply a collective pinning of vortices, and SP in M (H) likely arises due to a crossover in vortex pinning mechanism from an elastic to plastic regime. Based on available data, a vortex dynamics phase diagram has been constructed on temperature-field plane.
II. EXPERIMENTAL DETAILS
Single crystals of Ba 0.65 Na 0.35 Fe 2 As 2 have been prepared using a self-flux method. Details of sample preparation and characterization techniques are described elsewhere. 26, 27 It can be mentioned that the crystals used in the present study are the same as in Ref. 25 . The crystals are characterized with x-ray diffraction (XRD) which confirms the absence of any foreign phases. The chemical composition of the crystal studied in this work has been determined by the energy dispersive x-ray (EDX) analysis spectroscopy conducted at different places of crystal. This study shows that Na is homogeneously distributed within the experimental resolution. The size of the crystal used here is 2.24 × 1.52 × 0.14 mm 3 . The magnetization data have been collected using a SQUID-VSM magnetometer (MPMS, Quantum Design ). The M (H) isotherms are collected after cooling the sample each time in zero magnetic field from far above T c to the target temperatures. For magnetic relaxation, the sample has been cooled in zero magnetic field to the target temperatures then the magnetic field is applied and magnetization has been measured as a function of time (t).
III. RESULTS AND DISCUSSIONS

Fig. 1 presents the isothermal M (H) hysteresis loops with
H||c axis collected at various temperatures within the superconducting state (T c = 29.4 K) 25 . As evident in Fig. 1a , all M(H) isothermals at any temperature exhibit a central peak around H = 0, yet at 2 K the loop shows irregular discontinuities which are known as 'flux jumps' and will be discussed later. With increase in field, at low temperatures (2, 5 and 10 K) the width of the loops decreases, however, at higher temperatures it is seen that hysteresis width initially decreases showing a minimum at a field H m and then again increases (see Fig. 1 ). This anomaly is more evident in Fig. 1b where the M (H) loops demonstrate another pronounced peak or so called SP at higher field apart from central peak. The SP effect has been observed in superconductors both with low and high transition temperatures and has been studied extensively. Its origin may be attributed to various mechanisms. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] With decreasing temperature, the position of the peak (H p ) moves to higher fields, eventually beyond the available field range. This can explain the nonvisibility of SP at low temperatures in Fig. 1a . At high temperatures, irreversibility in magnetization associated with the M (H) loops is seen to vanish above a characteristic field H irr . All the M (H) loops are rather symmetric with respect to both field polarity as well as direction of field, implying that bulk pinning plays a dominant role in this compound.
From the magnetic irreversibility in M (H) plots, we have calculated J c at different temperatures using Bean's critical state model, 
where ∆M = M dn -M up , M dn and M up are the magnetization measured with decreasing and increasing fields, respectively, and a and b (b > a) are the dimensions of crystal surface perpendicular to the applied field. The calculated J c are shown in Fig. 2 . As expected from the magnetization plots in Fig. 1 , J c (H) is nonmonotonic at higher temperatures and shows a pronounced SP. With lowering temperature, J c increases, however, at 2 K it exhibits jumps. Note, that at low temperatures there is only an insignificant change in J c (H) in the available field range (up to 70 kOe). The determined J c are rather high and compare well with K-doped compounds i.e., Ba 1−x K x Fe 2 As 2 where at low temperatures J c > 10
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To examine the temperature dependence, we have plotted J c vs T in the main panel of 
n which yields J c (0) = 1.55 × 10 6 A/cm 2 and n = 1.73. Unlike Co-doped BaFe 2 As 2 , 14 we can not fit our data in the full temperature range with one function (dashed line in Fig. 3 ). A similar behavior has also been observed for Fe-pnictide 1111 materials PrFeAsO 0.9 and NdFeAsO 0.9 F 0.1 , where the measured local (high) J c exhibits a change in temperature dependence. 12 This behavior has been attributed by authors to an additive effect of weak collective pinning by dopant atoms and strong pinning by a spatial variation in dopant atom density. The strong pinning is active in low field regime and has weaker temperature dependence than the weak collective pinning. The signature of strong pinning is evident in the field dependence of J c . For instance, at low field J c (H) shows a plateau which is followed by a steep decrease of power-law behavior i.e., J c ∝ H −β with β = 0.5 < β < 0.63. 42, 43 In order to check the presence of strong pinning also in our sample, we have plotted J c vs H on log-log scale at different temperatures, and estimated the exponent β. The inset of Fig. 3 exemplarily shows such a plot for the data at 10 K. With increasing field it is observed that, initially J c (H) exhibits a plateau, then decreases ∝ H −0.54 and at higher field it almost saturates at a value J c -sat which is quite similar to strong pinning model described in Refs. 12,42,43. We have plotted the temperature variation of J c -sat in main panel of Fig. 3 which exhibits linear behavior down to 10 K (at 5 K, J c -sat is not achieved within the available field range). It is worth mentioning that with increase in temperature, β decreases where within the temperature span of 5 -28 K, β changes from 0.56 to 0.3. This decline in β may be due to an increased flux creep at elevated temperatures. Nonetheless, this observation primarily shows the presence of strong pinning in this compound additionally, while the major contribution to J c comes from weak collective pinning, as previously observed in doped 1111 and 122 families.
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Furthermore, to understand the vortex pinning mechanism in this compound we have calculated the pinning force (F p ) from the critical current density and applied field, using F p = HJ c at different temperatures. It has been shown by Dew-Hughes 44 that in the scenario of single vortex pinning mechanism the normalized pinning force
is the maximum pinning force, and p and q are the exponents. This implies that the plotting of f p vs h at different temperatures will fall on a single curve for a given sample. The position of peak (h max ) in f p (h) as well as the extracted fitting parameters p and q provide information about the nature of pinning and its origin. In our analysis we have, however, used H irr , the irreversible magnetic field at which J c (H) → is shown as a function of reduced field h = H/Hirr at temperatures 27, 27.5, 28, 28.5 K for Ba0.65Na0.35Fe2As2. 0, instead of H c2 as commonly used for cuprates and Fepnictides. In Fig. 4 we show the f p (h) plot for 27, 27.5, 28 and 28.5 K for which H irr values are available to us. A reasonably nice scaling of the data is observed at temperatures close to T c with h max ∼ 0.28. In general, for type-II superconductors the nature of pinning is classified in two categories: δl and δT c pinning. The δl-type pinning arises from a spatial variation in the mean free path of charge carriers while the δT c -type pinning is caused by a spatial variation in critical temperature. 45 Moreover, for δl pinning the defects are small, point sized but in case of δT c pinning the defects are extended, usually larger than the coherence length (ξ). According to DewHughes model, 44 a low value of h max indicates a δl type pinning whereas the higher value of h max (> 0.5) corresponds to δT c pinning. Therefore, a low value of h max (0.28) in the studied single crystal of Ba 0.65 Na 0.35 Fe 2 As 2 suggests that pinning in this material is, primarily, due to the presence of a large density of point like defect centers. 46 It is not clear the exact source of defects with the present dataset, however, the dopant atoms and/or the As deficiency could be the possible candidates. At the same time, it is worthy to mention that h max remains highly sensitive to a proper determination of H irr . In the case of Fe-pnictides, a wide variation in h max is observed. For instance, h max is found to be 0.33 and 0.43 for hole-doped 122-compounds and 0.37 and 0.45 for electron-doped ones where the disorder mostly has been related to the compositional inhomogeneities.
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To understand the anomalous flux jumps at low temperature ( Fig. 1 ) we have collected M (H) data at narrow temperature interval of 2 -5 K with H||c axis. both field directions with this sweep rate, and with increasing temperature the number of jumps reduces (see Fig. 5 ). It is also noticeable that after each jump magnetization approaches to zero, implying that jumps are almost complete and the material is driven close to the normal state. The sweep rate of the applied magnetic field has been found to have a profound effect on the flux jump phenomenon. Fig. 6 depicts the measured M (H) envelope curves at 2 K with different sweep rates i.e., 15, 30, 80, 200, 300 and 400 Oe/s. At low sweep rates the jumps are more complete than at higher sweeping rates. With increasing sweep rate up to 200 Oe/s, the number of jumps remains the same, though their positions change, but the jumps become more numerous at a higher sweep rate. Moreover, in contrast to low sweep rate measurements where the jumps are only observed in increasing field branch, the higher sweep rate data depict jumps in both increasing as well as decreasing branches of applied field. In Fig. 7 , we present the virgin curves corresponding to envelope curves shown in Fig. 6 . Though the jumps do not follow a regular pattern with field sweep rates but they disappear at low sweep rate which has also been observed in cuprates and other superconductors.
6,7,47
On the theoretical background, flux jumps or magnetic instability was explained long ago within the framework of adiabatic model. 48 This model argues that a flux jump instability occurs when the dissipative heat generated by movement of fluxes is not able to be fully absorbed by the sample, thus raising its temperature. To be precise, this local adiabatic condition is fulfilled if the thermal diffusivity (D t ) of the sample is lower than the magnetic diffusivity (D m ). In this situation, a small thermal fluctuation arising from dissipation causes a reduction in the screening current which allows a penetration of more flux lines in the sample. This movement of fluxes in turn produces dissipation heat, hence further heating the sample. This cyclic feedback forms an avalanche-like process leading to flux jumps. The adiabatic model further predicts the instability field for the first flux jump H f j as,
where µ 0 is the magnetic permeability of vacuum and C is the specific heat. Taking C of this compound at 2 K to be 152.81 J K −1 m −3 (Ref. 25) and dJ c /dT from Fig. 3 , we calculate H f j to be about 768 Oe. In Fig.  8 we have plotted the experimentally observed H f j as collected from Fig. 7 against the field sweep rate. It follows from Fig. 8 that at higher sweep rates the H f j does not vary substantially, whereas it increases significantly at a lower sweep rates vanishing at 15 Oe/s. Interestingly, the observed H f j in Fig. 8 is more than one order of magnitude higher than the calculated one mentioned above. This implies that material is quite stable against the flux jumps. It can be mentioned that such disagreement between the calculated H f j following adiabatic model and the experimentally observed H f j has earlier been shown for cuprate superconductors such as La field sweep rate in Fig. 8 is an indicative of flux instability being related to the vortex creep phenomenon. The creeping of flux is likely to modify the field profile in the superconductors while sweeping the magnetic field. It is, indeed, shown by McHenry 6 that heat generated due to flux motion in absence of flux creep is higher than that in presence of flux creeping. To look into the flux creep event in this material, we have measured the magnetic relaxation. For that the sample has been cooled in zero magnetic field to 2 K, and after proper thermal stabilization a field of 10 kOe (H||c) is applied, and magnetization has been measured as a function of time. The inset of Fig. 8 presents the measured M (t) data which exhibits a sizable increase in magnetization (∼ 7.4%) over a period of 2 h. We calculate a fairly high normalized relaxation rate S (dln M /dln t) = 0.013 at this low temperature. This implies that flux creep is quite significant in this material and may be the cause for enhanced stability in flux flow.
As mentioned before and depicted in Fig. 1 , this material exhibits a SP in M (H). To understand the origin of SP we have performed detailed magnetic relaxation measurements at constant temperature with different applied magnetic fields. 45, 49 The origin of magnetic relaxation in superconductors in presence of field is a nonequilibrium spatial distribution of vortices due to pinning. The Lorentz force experienced by the vortices coupled with thermal fluctuations drives the vortices in to the bulk of superconductors, hence causing an evolution in M (t). Following a nonlinear dependence of pinning potential U upon the current density J i.e.,
, where U 0 is the barrier potential in absence of driving force and µ is the field and temperature dependent exponent, the magnetic relaxation (taking M is proportional to J) can be explained using an interpolation formula, 
Here M 0 is the initial magnetization, k B is the Boltzmann constant and t 0 is the macroscopic characteristic time which depends on the sample size and shape which is usually much shorter than the observation time.
50 From Eq. 3, the functional form of S(t) comes out as,
We have measured M (t) in different magnetic fields for about 8000 s at 25 K where the second peak is clearly evident within the available field range (see Fig. 1 ). By fitting Eq. 3 with our experimental data M (t), we have extracted parameters such as, M 0 , µ, U 0 /k B and t 0 at each field, and using Eq. 4, we have calculated S(t) at t = 1000 s as a representative example. Fig. 9 shows the field dependence of U 0 /k B and S along with the magnetization plot. As evident, with increasing field the U 0 /k B initially increases and then decreases showing a peak around 15 kOe. The S(H), however, exhibits an opposite trend of U 0 /k B which is evident from Eq. 4. The value of S for the present compound is higher than for conventional superconductors, however, comparable with cuprates and other Fe-pnictides. 13, 14, 19, 21, 49 Often, the appearance of SP in M (H) has been ascribed to a crossover in vortex creep mechanism from elastic to plastic creep with field. 14, 38, 40 In this model, the pinning potential U has been shown to have different dependence on H. 40 While in case of elastic creep the barrier potential follows U ∝ H ν where ν is a positive number, increasing with field. On the other hand, for plastic creep it shows U ∝ 1/ √ H, decreasing with field. The creeping is governed by the mechanism that has a lower potential, which straightforwardly implies that elastic and plastic creep is active in low and high fields, respectively. Also, the position of SP is connected to the matching of these two potentials. The behavior U (H)/k B in Fig.  9 where it increases and then decreases with a peak close to SP in M (H) is quite suggestive that origin of SP in this material is most likely related to crossover in creeping mechanism discussed above. Finally, with the above discussed experimental results we have constructed a vortex phase diagram on the fieldtemperature plane (Fig. 10) . We have mainly plotted the temperature dependence of three characteristic field i.e., H irr , H p and H m . Above the irreversible field H irr , vortices are in an unpinned liquid state. Below the irreversibility line a solid vortex lattice is realized though its nature modifies as a function of temperature and field. The SP field H p presumably marks here the crossover from elastic to plastic creep regime and H m marks the onset of SP. It is clear in Fig. 10 that both H m and H p exhibit a strong temperature dependence, however, the H irr (T ) is quite steep implying that a large part of vortex phase diagram is interesting from the viewpoint of applications. The temperature dependence of all the characteristic fields can be well explained by functional form, H x (T ) = H x (0)(1 − T /T c ) n where n is an exponent. Upon fitting the different set of experimental data in Fig. 10 , we obtain H m (0) = 5.7 T and n = 1.52, H p (0) = 33.1 T and n = 1.42, H irr (0) = 120.6 T and n = 1.15. The obtained values of exponent n in present study are quite similar to other Fe-pnictide materials. [13] [14] [15] 20 It is also noticeable that extracted H p (0) and H irr (0) in hole doped 122 Fe-pnictides in general are significantly higher than in electron doped materials, 14, 15 which is justified by their higher H c2 (∼ 150 T) compared to electron doped materials.
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IV. CONCLUSIONS
In summary, we have measured the isothermal magnetization loops M (H) and the magnetic relaxation curves M (t) in single crystalline samples of the holedoped Fe-pnictide high temperature superconductor Ba 0.65 Na 0.35 Fe 2 As 2 . The M (H) loops exhibit a so-called fishtail anomaly (or a second peak -SP), which is pronounced up to temperatures close to T c . In addition, remarkable flux jumps are observed in M (H) at low temperatures. The critical current densities J c calculated form the M (H) dependences are reasonably high and compare well with other hole-doped 122 compounds. The analysis of temperature-and field-dependent J c indicates that collective (weak) pinning of vortices by dense microscopic point defects is mainly responsible for high values of J c , though a strong pinning mechanism is likely also to give some contribution. The field sweep rate has strong influence on the observed flux jumps. By lowering the sweep rate the number of jumps reduces and the field for the first jump H f j increases. However, H f j calculated following the adiabatic model shows a much lower value than the experimentally observed one, which is probably due to an effect of flux creeping. The results of field dependent magnetic relaxation measurements support applicability of the collective pinning model to the studied compound, and further suggest that SP in M (H) probably arises due to crossover from elastic to plastic flux creep mechanism with field. Based on the available data, we have constructed a vortex phase diagram on the fieldtemperature plane which highlights that the vortex liquid phase in this material is confined to a small region of the phase diagram only. The major part of the vortex diagram is dominated by the vortex solid phase, a feature highly appreciative for practical applications. 
